The WD40 repeat protein WDR5 specifically associates with the K4-methylated histone H3 in human cells. To investigate the structural basis for this specific recognition, we have determined the structure of WDR5 in complex with a dimethylated H3-K4 peptide at 1.9 Å resolution. Unlike the chromodomain that recognizes the methylated H3-K4 through a hydrophobic cage, the specificity of WDR5 for methylated H3-K4 is conferred by the nonconventional hydrogen bonds between the two z-methyl groups of the dimethylated Lys4 and the carboxylate oxygen of Glu322 in WDR5. The three amino acids Ala-Arg-Thr preceding Lys4 form most of the specific contacts with WDR5, with Ala1 forming intermolecular hydrogen bonds and salt bridges, and the side chain of Arg2 inserting into the central channel of WDR5. Both structural and biochemical studies presented here suggest another mode of recognition for the methylated histone tail.
Introduction
Covalent modifications of histone tails play important roles in chromatin structure and function (Levine et al., 2004; Margueron et al., 2005; Martin and Zhang, 2005) . The recognition of the relationship between histone modification and gene regulation has led to the ''histone code'' hypothesis (Strahl and Allis, 2000; Turner, 2000) that posits that a given set of modifications dictate protein interactions that in turn mediate specific biological processes. Histone modification regulates transcription by presenting a special binding platform for recruitment of other proteins or alteration of the underlying chromatin structure and its accessibility.
An essential element of the histone code hypothesis is that the recognition of code by effector proteins is highly specific. The exquisite specificity of effector modules for the modified histone tails was exemplified by chromodomain-mediated recognition of methylated histones. Chromodomains were initially identified as a conserved motif between Polycomb protein (PC) and HP1 (Eissenberg, 2001 ). Despite apparent sequence homology, the chromodomains of HP1 and PC exhibit distinct specificities for histone marks, with the former specifically recognizing the di-/trimethylated H3-K9 (Bannister et al., 2001; Lachner et al., 2001; Nakayama et al., 2001 ) and the latter exclusively binding to the trimethylated H3-K27 (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller et al., 2002) . Recently, the methylated H3-K4 was shown to be specifically recognized by the double chromodomains in both human and yeast CHD1 (Flanagan et al., 2005; Pray-Grant et al., 2005) .
The crystal structure of HP1b bound to the methylated H3-K9 peptide significantly advanced our understanding of gene regulation by histone methylation (Jacobs and Khorasanizadeh, 2002; Nielsen et al., 2002) . This structure shows that the methylated Lys9 adopts an extended conformation and contacts the residues that are conserved in many other chromodomains. Specificity for the z-methyl groups of methylated Lys9 is provided by a hydrophobic cage formed by three aromatic residues. Subsequent structural studies on PC chromodomain bound to trimethylated H3-K27 peptide (Min et al., 2003) and double chromodomains CHD1 bound to the methylated H3-K4 (Flanagan et al., 2005) showed that many features observed in HP1b are conserved among these three structures, although the recognition of the z-methyl group involves two aromatic residues instead of three in the latter structure.
At present, all available structures shown to recognize methylated histone tails were chromodomain-containing proteins. It was unclear if and how proteins containing other structural motifs specifically recognize the methylated histone tails. Two recent studies demonstrated that WDR5, a WD40 repeat protein, can serve as another histone-mark-reading motif by recruiting the dimethylated H3-K4 (H3Me 2 K4) for its trimethylation Wysocka et al., 2005) . To elucidate the molecular mechanism of this specific recognition, we determined the crystal structure of WDR5 bound to an H3Me 2 K4 peptide at 1.9 Å .
Results and Discussion
Structure of WDR5 Bound to a Dimethylated Histone H3 Tail Limited proteolysis identified a stable structural domain of WDR5, with its amino-terminal 27 residues deleted. For crystallization, the N-terminal 20 residue and ten residue H3Me 2 K4 peptides (hereafter referred to as the 20 residue or ten residue peptide unless specified otherwise) were used to form a complex with this N-terminaltruncated WDR5. The crystals generated from the complexes of 20 residue and ten residue peptides diffracted X-ray to 2.7 Å and 1.9 Å , respectively (Table 1) . Although WDR5 in complex with these two peptides crystallized in different space groups, their structures are similar in both crystal forms. We will focus our discussion on the 1.9 Å structure.
The directionality of the ten resdiue peptide can be unambiguously determined from the density in the 1.9 Å structure. After refinement of two WDR5 molecules in one asymmetric unit, the carbonyl oxygen bumps (Figure 2A) became apparent in the electron density map as well as the side chain branches from the Ca atoms. Provided the carbonyl oxygen is positioned, the directionality of a peptide is then defined, which makes the sequence assignment unequivocal because the residue of Thr3 in the peptide can be easily identified from the electron density.
In the complex, WDR5 exhibits a seven-bladed propeller-like structure typical of other WD40 repeat proteins, with a narrow channel running through the center. The structure of WDR5 closely resembles those of other representative members of WD40 repeat proteins, Lis1ALFA2, Tup1, and b-TrCp1 ( Figures 4A and 4B) , with root-mean-square deviation (rmsd) of approximately 1.26 Å , 1.50 Å , and 1.51 Å over the aligned Ca atoms, respectively. Of the ten residues within the peptide, only the first five assume well-defined conformation in the electron density map, whereas the remaining five are disordered and do not appear to be required for interaction with WDR5. The bound peptide adopts a turn-like conformation and binds to the top face of the b propeller of WDR5 ( Figures 1A and 1B) , covering the narrow channel in the center ( Figure 2B ).
Specific Recognition of the H3 Peptide
The first three amino acids, Ala-Arg-Thr (ART), in histone H3 immediately preceding Lys4 contribute most of the specific contacts between the peptide and WDR5 ( Figure 2C ) and therefore function as the structural determinant for the specific recognition of histone H3 by WDR5. The specificity of the interaction in this region is achieved predominantly through intermolecular hydrogen bonds. The sequence of ART is unique compared to other sequences preceding lysine methylation sites in that the first amino acid, Ala, contains a free amino group that is important for the recognition of the peptide because it interacts with WDR5 by making two hydrogen bonds, one of which is mediated by a water molecule, and salt bridges with the carboxylate side chain of Asp107. In addition to accepting a hydrogen bond from the amino group of Ala1, Ser91 in WDR5 also hydrogen bonds to the backbone amide of Arg2 in the peptide ( Figure 2C ). The aromatic ring of Tyr131 in WDR5 is within van der Waals distance of Ala1 in the peptide, and they are almost perpendicular to each other; these structural features appear to place a strict limit on the size of the side chain of the first residue in the peptide, thus contributing to the specificity for WDR5. The structural role played by Ala1 in the peptide is reminiscent of Smac, whose first Ala is absolutely required for its interaction with XIAP, as both the small size of Ala and the free amine are indispensable for its binding to XIAP (Wu et al., 2000) .
Arg2 in the peptide makes the largest number of contacts with WDR5 through both hydrogen bonds and hydrophobic interaction ( Figure 2C ). Its side chain completely fills the narrow channel of WDR5, accounting for approximately 45.0% (409.0 A 2 /919.0 A 2 ) of the total buried area in the complex. This structural feature identifies Arg2 as an essential residue for the specific recognition of H3-K4 by WDR5. The same position, n-2 (two residues before the methylated Lys), is not occupied by Arg in all other lysine methylation sites in the histones ( Figure 2E ), rendering them unable to be recognized by WDR5. This Arg2 was also shown to be important for the recognition of the methylated H3-K4 by CHD1 (Flanagan et al., 2005) . The carbonyl group of Ser91 accepts one hydrogen bond from the N3 atom of Arg2, and electrostatic interactions exist between the Nh1, Nh2 of Arg2 and the carbonyl groups of Cys261 and Phe133, respectively ( Figure 2C ). In addition, two water-mediated hydrogen bonds are formed between Arg2 in the peptide and the carbonyl groups of Ser175 and Ser218 (data not shown).
Apart from this intricate network of hydrogen bonds, hydrophobic contacts also contribute to the interaction between Arg2 in the peptide and WDR5. Phe133 in WDR5 supports the peptide by contacting the Ca atom and the aliphatic portion of Arg2 in the peptide, whereas the aromatic ring of Phe263 in WDR5 interacts with the same residue through cation-p interaction ( Figure 2C ). 
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Compared with Ala1 and Arg2 in the peptide, Thr3 contributes much less to the interaction with WDR5, for only Ala47 and Leu321 in WDR5 are within the van der Waals contact distance of its methyl group. However, its small side chain seems to be required for the binding of the peptide to WDR5 due to the limited space around this region. Our structural observation that the first three residues in the peptide contribute the bulk of the interactions suggests that a weak interaction may exist between WDR5 and the unmodified N-terminal peptide of histone H3. Indeed, this interaction was detected by a competition assay in which the unmodified N-terminal peptide exhibited weak competition with the 20 residue peptide for binding to WDR5 (data not shown). This interaction was also observed in the previous study ). This conclusion is further supported by an in vitro interaction assay showing that the 20 residue peptide retained weak interaction with the mutant E322A (Figure 3) , which can disrupt the nonconventional hydrogen bonds with the two z-methyl groups of the methylated peptide ( Figure 2D ). This result is also in agreement with a previous observation that WDR5 knockdown leads to a reproducible increase in dimethylation of H3-K4 around the coding region of HOXA9 , because WDR5 may be inhibiting (A and B) Overall structure of the complex between WDR5 and the ten residue peptide is viewed from two perpendicular angles. The WDR5 molecule is shown in orange and the peptide in cyan. Oxygen and nitrogen atoms from the peptide are colored in blue and red, respectively. LME is for the residue of the dimethylated lysine in the peptide. The seven blades from WDR5 are numbered from 1 to 7, and the four strands from each blade are labeled A-D. (C) Sequence alignment of WDR5 and Lis1ALFA2. Identical residues in both proteins are in white with red background, whereas the similar ones are in red with white background. Blue, green, and cyan squares identify those residues that are involved in hydrogen bonds, hydrophobic interactions, or both, respectively. the dimethylation activity of MLL1 histone methyltransferase (HMT) by competing with the histone-recruiting component (in the same complex as WDR5) for interaction with the unmodified histone H3 tail. Knockdown of WDR5 would be expected to relieve its inhibitory effect on the MLL1 HMT activity of dimethylating histone H3.
Recognition of the Methylated H3-K4
The difference electron density map unambiguously identified the dimethylated Lys4 (Me 2 K4) in the peptide (Figure 2A) . Strikingly, the side chain of the Me 2 K4, particularly the two z-methyl groups, is located on the surface of WDR5 with no obvious contacts with the other Interaction of various WDR5 mutants with the 20 residue dimethylated peptide. A glutathione resin-mediated pull-down assay was used to assess the interaction between the 20 residue dimethylated peptide and various WDR5 mutants. The peptide dot blot analysis was used to detect the bound peptide as detailed in the Experimental Procedures. portion of WDR5 ( Figures 1A, 1B, and 2B ). Further structural analysis reveals that the Me 2 K4 is primarily stabilized by a pair of nonconventional hydrogen bonds between the two z-methyl groups of Lys4 and the carboxylate oxygen of E322 in WDR5. The two carbon atoms of the methyl groups in the Me 2 K4 are positioned 3.42 Å and 3.15 Å away from the carboxylate oxygen O31 of Glu322 (Figure 2D ), which are shorter than typical van der Waals distances and close to the preferred length of 3.23 Å for carbon-oxygen hydrogen bonds (Scheiner et al., 2001 ). This analysis strongly suggests the existence of nonconventional hydrogen bonds between the two z-methyl groups and the carboxylate oxygen O31 of Glu322 ( Figure 2D ). This conclusion is further supported by the fact that the partial positive charges on the methyl groups, which are conferred by the electronegative N3 atom, strengthen the hydrogen bonds. Because of the nonconventional hydrogen bonds, the lone electron pair on the N3 atom of the Me 2 K4 is in a perfect orientation to hydrogen bond with a water molecule that in turn hydrogen bonds to the two carboxylate oxygens of Glu322 in WDR5 ( Figure 2D ).
Our structure presented here offers a plausible explanation for the previous observation that WDR5 exhibits different binding affinity with H3-K4 having varying degree of methylation . Because of distance constraints, the free H3-K4 can not form a stable hydrogen bond with E322 in WDR5. Removal of one methyl group in the monomethylated H3-K4 results in loss of one nonconventional hydrogen bond with Glu322 compared with the H3Me 2 K4, resulting in weaker interaction with WDR5. Introduction of one more methyl group to the H3Me 2 K4 will cause loss of the hydrogen bond with the water molecule and thus may reduce its binding affinity with WDR5 compared to the H3Me 2 K4.
WDR5 was proposed to be important for the conversion of di-to trimethylation of H3-K4 . The binding mode of the dimethylated peptide to WDR5 shown in our structure provides a support for this model. The position of the dimethylated peptide shown in the structure renders it readily accessible to the enzyme responsible for its conversion to the trimethylated state. Other SET-domain-containing HMTs such as SET7/SET9 bind the Lys residue in a deep pocket, close to where the methyl group donor Sadenosyl-L-methionine (AdoMet) is located. However, the MLL1 HMT complex responsible for the conversion of di-to trimethylated H3-K4 may be different from SET7/SET9 in that its substrate ((H3Me 2 K4), and AdoMet may be located farther apart. It is therefore important that the H3Me 2 K4 bound by WDR5 remain easily accessible to this AdoMet binding protein for trimethylation. Intriguingly, adjacent to the dimethylated peptide is a cluster of hydrophobic residues ( Figure 2F ), which might be the potential binding site for HMT protein or AdoMet binding protein in MLL1 complex. At the bottom of WDR5, there exist an elongated groove and a deep pocket (data not shown) that could also function as protein-interacting sites. In Rubisco LSMT (Trievel et al., 2003) and SET7/9 (Xiao et al., 2003) , carbon-oxygen hydrogen bonds were shown to be important for the interaction between the substrate (methylated Lys) and HMT, suggesting that this kind of nonconventional hydrogen bond might be significant for the recognition of its substrate by the HMT. Thus, existence of the nonconventional hydrogen bonds between WDR5 and the dimethylated Lys is consistent with WDR5's role in recruiting the substrate of MLL1 HMT for trimethylation.
Mutational Analysis
To confirm the importance of the observed interactions, we generated a number of missense mutations in WDR5 and examined their interaction with the 20 residue peptide using pull-down assay. In complete agreement with our structural observation, the five mutations A47E, S91F, D107A, F133D, and E322A of WDR5 significantly compromised their interaction with the 20 residue peptide. Abrogation of binding of D107A to the peptide (Figure 3) is likely due to the loss of the salt bridges with the free amine of Ala1 in the peptide, whereas the mutant S91F not just disrupts the hydrogen bonds with the backbone amide of Arg2 in the peptide but also creates steric hindrance that blocks the peptide from accessing the channel ( Figure 2C ). The mutant of F133D is expected to disrupt the hydrophobic interaction with the peptide, and E322A is predicted to abolish its nonconventional hydrogen bonds with the methyl groups of Lys4 in the peptide ( Figure 2D ). By contrast, A65 involved in weak hydrophobic interactions with the methyl group of Thr3 in the peptide had little impact on the interactions when mutated to Glu (Figure 3) .
Comparison with Other WD40 Repeat Proteins
In the peptide binding region of WDR5, a bulging loop connecting strand D in blade five and strand A in blade six constitutes one noticeable structural difference between WDR5 and Lis1ALFA2 ( Figure 4A ). Tyr260, which makes a number of hydrophobic contacts with the ten residue peptide, is located in this loop. This bulging loop contributes to interaction with the peptide by placing Tyr260 in the right position, without which contacts with the peptide could not form. Additionally, the hydrogen bond between the carbonyl group of Cys261 and Nh1 of Arg2 would not exist without the bulging loop. Another important residue, Glu322, interacts with the methylated Lys4 in the peptide through both conventional and nonconventional hydrogen bonds ( Figure 2D ) and is not present in LisALFA2 ( Figure 1C ). These structural comparisons suggest that it is unlikely for Lis1ALFA2 to interact with the tail of histone H3. Apart from these characteristics, the small size of Ser50 in WDR5 also plays an important role in the recognition of the peptide by limiting the depth of the central channel. Mutation of this residue to a bulkier one, like Arg in Lis1ALFA2 ( Figure 1C ), would block Arg2 in the peptide from inserting into the channel.
It is well known that WD40 repeat proteins mainly function by interacting with other proteins. At present, only a small number of crystal structures of WD40 repeat proteins in complex with their binding proteins are available. It remains poorly understood how WD40-domaincontaining proteins recognize their binding partners. It was observed (Gaudet et al., 1996) that three positions, A-1 (immediately prior to the start of strand A), A2 (the second residue of the A strand), and B+1 (immediately after the B strand) of the WD40 domain in transducin Gb are the most common residues involved in interaction with phosducin. This binding mode of WD40 repeat domain was also seen in the complex between b-TrCp1 and the phosphorylated b-catenin peptide (Wu et al., 2003) . Alignment of the structure of the WDR5-peptide complex with that of b-TrCp1-phosphorylated peptide complex showed that both peptides bind on the top surface of the WD40 domain ( Figure 4B ), suggesting that the central channel can function as a general structural scaffold for recognition by its interacting protein. Seven of the 11 residues involved in interactions with the ten residue peptide belong to one of the above three positions. Three of these 11 residues are located in position A1 or B2, both of which are close to one of the above three positions. Together with the other two structures of the WD40-containing complex, our current data suggest that the positions through which the WD40 repeat protein interacts with other proteins are probably conserved, although sequence identity may vary significantly from one to another.
Concluding Remarks
The notion of the histone code is becoming a unifying concept in the field of transcriptional regulation by histone modification (Berger, 2002) . Deciphering this code is important to understand the mechanism by which various histone modifications are specifically recognized by the cellular machinery. Our crystal structure of WDR5 in complex with the ten residue peptide established that the WD40 repeat protein can function as another structural motif that recognizes the methylated histone tail(s). Two other members of the WD40 repeat protein family, Tup1 and Groucho, were shown to interact with the N-terminal tails of histones H3 and H4 (Edmondson et al., 1996; Palaparti et al., 1997) . Although these proteins are unlikely to recognize the methylated H3-K4, there is still a possibility that they may recognize other covalently modified sites. Given the large number of genes encoding WD40 repeat proteins in the genome, these proteins might constitute another family of histone-mark-reading proteins.
Experimental Procedures Protein and Peptide Preparations
Both the wild-type and the mutants of WDR5 were generated by the standard PCR-based cloning strategy, and their identities were confirmed by sequencing. All of the proteins were overexpressed in Escherichia coli strain BL21 (DE3) using the vector pGEX-2T (Pharmacia). The recombinant protein was first purified on a glutathione-Sepharose column (Pharmacia) and then further fractionated by cation ion exchange (Source-15S, Pharmacia) and gel-filtration chromatography Pharmacia) . For crystallization, the purified WDR5 protein was mixed with the ten residue and 20 residue dimethylated H3-K4 at a 1:3 molar ratio, respectively.
Crystallization and Data Collection
Crystals of WDR5 in complex with the dimethylated peptide were generated by mixing the complex (15.0 mg ml21) with an equal amount of well solution by the hanging-drop vapor-diffusion method. For the complex of WDR5 with the ten residue peptide, the well buffer contains 20% PEG 4000, 10% isopropanol, and 100 mM HEPES (pH 7.0). These crystals belonged to C2 space group, with two complex molecules in each asymmetric unit. Data for these crystals to 1.9 Å were collected on the home beam. The complex between WDR5 and the 20 residue peptide was crystallized in buffer containing 20% PEG, 0.2 M ammonium acetate, and 100 mM HEPES (pH 7.5) and belonged to the space group of P212121. One molecule complex comprised each asymmetric unit for these crystals, and data to 2.7 Å were collected on the home beam.
Structure Determination and Refinement
Molecular replacement was used to determine both complex structures using the program MolRep included in CCP4 (CCP4, 1994) . The atomic coordinates of LIS1 (PDB code 1VYH) were used as the initial searching model. The initial model from MR was built with program O (Jones et al., 1991) and subsequently subjected to refinement by the CNS program (Brunger et al., 1998) . The electron density for the dimethylated peptide in both crystal forms became apparent after refinement of WDR5. The final refined model contains residues 30-333 of WDR5 and residues 1-5 of the dimethylated peptide for the crystal in the space group C2, and 30-331 of WDR5 and 1-5 of the dimethylated peptide for the crystal in the space group P2 1 2 1 2 1 , respectively. All the other residues have no electron density, and they are presumed to be disordered in the solution.
In Vitro Interaction Assay
Interaction between the 20 residue peptide and various WDR5 mutants was examined by GST-mediated pull-down assays. Approximately 200 mg of GST-WDR5 variant was bound to glutathioneSepharose and incubated with an excess amount of the 20 residue peptide at room temperature for 1.0 hr. After extensive washing using buffer containing 25 mM Tris (pH 8.0), 100 mM NaCl, and 3.0 mM dithiothreitol (DTT), the bound peptide was visualized by peptide dot blot analysis. To this end, the WDR5 bound Sepharose was resuspended in 40 ml of the elution buffer containing 10.0 mM glutathione in the washing buffer, and then 2-fold serial dilution was made for the suspended Sepharose. Each dilution (4.0 ml) was spotted onto the PVDF membrane and probed with antibody (www.epitomics.com) against the 20 residue dimethylated H3-K4. Peptides were visualized using an anti-rabbit secondary antibody conjugated to HRP by a chemiluminescence detection system.
